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ABSTRACT
Neutron shielding has been a worldwide concern for decades and appropriate methods in nuclear reactors and associated facilities for shield-
ing have been developed. Light materials such as paraffin and water cannot be used in neutron radiography due to structural and fire concerns,
and a material in the solid form is needed for effective neutron shielding. Therefore, the present study developed a new neutron shielding
design for fixed industrial radiography facilities with solid structures based on material combination. Different materials were investigated to
find the most appropriate combination design to shield the spontaneous neutron emitted from a Cf-252 source (with an energy in the range
from several keV up to 20 MeV). The combination of iron, graphite, boron (or borate materials), and lead in this order, respectively, were
found to be the most appropriate shielding structure for an open Cf-252 source used in fixed industrial radiography. As iron is characterized
by a high removal cross section, its use in shielding the californium spontaneous neutron source is the key outcome of the present study.
These results were confirmed with the Monte Carlo simulation-based particle and heavy ion transport code system.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5144923., s
I. INTRODUCTION
Recently, neutron radiography steadily developed and its appli-
cations include a wide range of verification processes. Because neu-
trons easily penetrate heavy materials such as steel, lead, depleted
uranium, and other important materials used for equipment man-
ufacturing, their utilization for radiography is complementary to
that of gamma and x rays (photons). In addition, neutrons are
absorbed by hydrogenous material, boron and borate materials,
and plastics (light elements). Even though they provide a use-
ful insight for radiography, a real concern about the appropriate
shielding and effective neutron moderator has been subjected to
investigation and studies for decades. Radioisotopes considered as
neutron sources include a single radioisotope, Cf-252, and com-
bine radionuclides for alpha-neutron or gamma-neutron generation
(Am/Be, Li/Be, . . .). The isotope Cf-252 of californium is one of
the most intense neutron emitters with a high flux that can reach
2.314 × 1012 s−1 g−1.1–5 Cf-252 finds many neutron applications in
physics, research, and industry. However, it poses nuclear and radia-
tion safety concerns while in use, as the neutron shielding is not eas-
ily achieved and is compromised by economic impact and structural
factors.
Neutron shielding has been identified as a major concern
in the neutron industry and the suggested solutions are always
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under optimization.3,5–10 Different materials have been developed
to achieve the effective attenuation of neutrons in the nuclear
reactor, accelerator-based spallation, and industrial application as
radiography (non-destructive testing). Materials such as boron,
borate material, lithium, water, hydrogenous materials, graphite,
and other low Z materials were used for neutron shielding and pro-
tection. However, difficulties were encountered during the devel-
opment and construction of infrastructures for neutron imaging:
the structural problems do not allow the use of water as shielded
enclosures around the Cf-252 source. The use of plastic or paraf-
fin is subjected to fire protection and involved additional techni-
cal applications. Neutron properties differ from photon proper-
ties that the attenuation law is Z-dependent. In addition, borate
materials, lithium, and other composite materials were found to be
economically not recommendable for some applications (as NDT
testing).
The present study aims to develop a new and efficient shield-
ing design for neutrons emitted from a Cf-252 spontaneous fission
source based on the material’s combination. As iron and boron
could be used to slow neutrons down and absorb them, respectively,
the use of a combined material and their arrangement in the instal-
lation design is a key outcome of the present study. The solution
developed during the present research project was an extension of
neutron shielding based Monte Carlo simulation.11,12 The Particle
FIG. 1. Design for industrial neutron radiography installation including a neutron
source, walls with different materials combination, and the main door (access)
position and design. The door is different from that used in gamma radiography
and maze design is ineffective as a reinforced door in this design.
and Heavy Ion Transport code System (PHITS) was used for compu-
tation.13–18 Different materials were set up with an order to optimize
the total removal cross section for neutrons based on cost-benefit
evaluation in the NDT industry. This manuscript describes the sim-
ulation arrangement, the result obtained, and the discussion based
on the interpretation of the output of the simulation.
II. SIMULATION
A. Monte Carlo code PHITS
Monte Carlo (MC) techniques are usually defined as a subset
of computational algorithms that utilize the process of repeated ran-
dom sampling to numerically estimate unknown parameters. They
are used to model complex situations and problems with a high
degree of freedom by generating random numbers and random
FIG. 2. Facility (walls as set of concrete in Fig. 1) design for neutron shielding and
system arrangement for effective material selection. ω is a 50 cm layer of either
graphite, paraffin, and iron.
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experiments. The Particle and Heavy Ion Transport code System
(PHITS) was used for simulation in the present research. It is a
general-purpose Monte Carlo system based on Fortran code. The
PHITS version 3.10 was used for computation, including the sim-
ulation of photons and neutrons in a wide range of energy. The
code developed was executed in shared-memory parallel computing
using supercomputers (clusters). It is used in applications such as
computer science, nuclear data evaluation, nuclear reaction model,
human modeling, induced activity, facility design, medical physics,
radiation protection, geoscience, etc.19,20 Its use for shielding design
and radiation protection requires proper material definition and
geometry construction following a clear and well-defined method.
The parameter set for uncertainties calculation in the present project










N(N − 1) . (1)
The PHITS input code was executed using the radioactive decay
process, a data library from DECDC2 (Nuclear DECay Data for
Dosimetry Calculation, Version 2) revised data from ICRP Publi-
cation 38. This library has been compiled for 1034 radionuclides for
dose calculation in medical, environmental, and occupational expo-
sures. It is a library built from the assembled set of Evaluated Nuclear
Structure Data File (ENSDF).
B. Fundamental basis
Neutron interaction with a medium is known as a function
depending on cross sections. If a neutron interacts with a light par-
ticle or nucleus, the probability of interaction is known as micro-
scopic cross section (σ), expressed in barn or cm2 and the probability
of interaction with heavy materials such as a wall, concrete, com-
pound, is known as the macroscopic cross section. The total interac-
tion cross section of neutrons entering a medium in our simulated
geometry is the summation of all cross sections including scattering,
absorption, capture, fission, etc.9 The macroscopic cross section is
then expressed by the following equation:
Σ = Nσ, (2)




where N is the atomic density of the target material, ρ the density
of the target material, and NA Avogadro’s number. Materials with
large total cross section are good neutron moderators even though
the important parameter to be considered physically is the removal
cross section.
Another important parameter in neutron shielding is the mean
free path λ, the average distance a neutron particle travels between
two collisions in the target material. The collisional probability at a




dx ⋅ e−Σt ⋅ x =∑
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p(x) ⋅ x ⋅ dx = 1
Σt
, (6)
where λ is the distance that neutrons can travel in the target mate-
rial without interaction. Neutron transmission number of incoming
and passing neutrons determine the properties of materials used
FIG. 3. Investigation of the impact of three important moderators related to the Cf-252 spontaneous source. Discussion on the case of graphite, iron, and paraffin and their
effects on shielding design.
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FIG. 4. Investigation of the impact of three important moderators related to the Cf-252 spontaneous source. Differentiation of different sections or layers of the shielding
material used in the shielded enclosures as the geometry is based on material combination. Results of graphite, iron, and paraffin: (a) represents the result of the interior
of the facility made of air. (b) represents the result in the 50 cm of graphite, iron, or paraffin. (c) represents the result in the following layer made of 50 cm graphite.
(d) represents the result in 20 cm borate material, 10 cm lead, and 20 cm air set as tally for decision making on effective dose rate computation, outside the shielding
enclosures.
and its ability to slow down neutrons or absorb them. The PHITS
code was used to determine the effectiveness of material combi-
nation in slowing down and absorbing neutron in a facility.15,19,21
That ability is related to the distance λ and the removal cross
section.
III. MATERIAL AND METHODS
The equipment consisted of a Cf-252 spontaneous neutron
source, disposed of in a room built for fixed neutron radiogra-
phy purposes. The source consisted of 100 Ci Cf-252 in a closed
facility and the computation included geometry simplifications by
allowing interaction with only one wall in the first step and with
the full geometry in the second step. The room is filled with nor-
mal air at atmospheric pressure, surrounded by enclosure walls
built with different layers of shielding materials. The descrip-
tion of the geometry is given in Figs. 1 and 2. As the spon-
taneous neutrons produced by a Cf-252 source are mostly fast
neutrons, moderation is a key process to slow down fast neu-
trons prior to their absorption in the absorbent material. The
layer considered as concrete in the geometry presented in Fig. 1
is finally made of a material presented in the geometry described
in Fig. 2.
The first element set in the geometry could play the role of the
filtering (slowing down or removal of very fast neutrons) material
and the second 50 cm layer set is graphite, and the third layer is
boron for neutron absorption. The fourth layer in the geometry is
a 10 cm layer of lead. The tally for dose calculation is set in the nor-
mal area to the source and the tally for decision making is in the
last 10 cm of air in the area adjacent to the radiography room. This
FIG. 5. Statistical variation depending on the numbers of particles run in the PHITS
code. Three different numbers of particles were run for the same geometry and the
difference is shown only in the last tallies.
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FIG. 6. (a) Preliminary results of the dose calculation in the geometry in the tally set for computation. All materials used as the first layer in the previous described geometry
are displayed here. The first 100 cm layer represents the air in the imaging room and different material properties are observed in the layer between 100 cm and 250 cm.
(b) Result of lead, iron, graphite, aluminum, tungsten, zirconium, and polyethylene in the first layer (10 cm) of the geometry (100 cm–110 cm) followed by 30 cm of graphite
and 10 cm of boron or borate material. (c) Impact of lead, iron, graphite, aluminum, tungsten, zirconium, and polyethylene in the first layer of the geometry on the mid-part
of the geometry (150 cm–200 cm) made of 10 cm of boron or borate material and 40 cm of concrete. (d) Impact of lead, iron, graphite, aluminum, tungsten, zirconium, and
polyethylene in the first layer of the geometry on the later part of the geometry (200 cm–250 cm) made of 20 cm of concrete, 10 cm of lead, and air for kerma or effective
dose computation. (e) Lead, iron, graphite, aluminum, tungsten, zirconium, and polyethylene results as the result of the first layer of the geometry impact (150 cm–160 cm).
AIP Advances 10, 075203 (2020); doi: 10.1063/1.5144923 10, 075203-5
© Author(s) 2020
AIP Advances ARTICLE scitation.org/journal/adv
arrangement was made of the most conservative case in such facil-
ities for dose assessment. The computation was done by running
at least one billion (10 × 109 or more) neutrons for each case and
the relative standard deviation for all the presented results (effective
for decision making) is less than 5%. Difficulties were encountered
for statistics, as the result obtained showed a large standard devi-
ation for the deep target material, especially in the latest tally for
decision-making on dose rate computation.
IV. RESULTS AND DISCUSSIONS
The shielding results obtained are presented in Figs. 3–5. The
overall result of Monte Carlo simulation is described in Fig. 3 with
detailed explanations from layer to layer in Fig. 4. The first 100 cm
layer in the geometry made of air at atmospheric pressure and with
ambient temperature showed negligible attenuation of neutrons.
Their range in air is a few hundred meters, and for this reason, 1 m of
air is considered too small to impact the attenuation and transmis-
sion of neutrons crossing the geometry. An important characteristic
of graphite is to moderate neutron with energy up to 2 MeV–5 MeV.
However, the energy spectrum of Cf-252 has energy ranges from sev-
eral keV up to 20 MeV. There is a range of energy from 2 MeV–5
MeV to 20 MeV that cannot be effectively slowed down by graphite
and the effect can be seen on the blue and red curves. The absorp-
tion is really effective, but the slowing down process was inefficient
and the fast neutrons easily reach the external layer of the geometry.
Neutrons with a low energy are quickly slowed down and the flux
is reduced drastically in the borate material layer, especially in the
boron (or borate material) layer. Attention should though be paid
on the range of energy at which neutron reaches the borate material
layer.
The effect of iron on the shielding of neutrons from Cf-252 is
the most important and effective. The curve is complex as the iron’s
effect is not directly reflected in the first layer of the shielding, but it
is the most effective case as the dose calculation in the tally outside
the room shows a lower dose rate. The removal cross section of iron
is higher than that of all other materials (except the case of water). In
reality, neutrons with an energy above 2 MeV–5 MeV are not effec-
tively slowed down by graphite as by iron, but below 2 MeV–5 MeV,
graphite is really effective. Iron effectively slows-down neutrons with
an energy above 2 MeV–5 MeV and the following graphite layer
thermalizes them. When they reach the absorber (borate material),
they are low-energy neutrons and the absorption process is more
effective in the layer between 200 cm and 220 cm (boron layer), as
shown by the curve in Figs. 3 and 4. The concept of shielding neutron
above 2 MeV–5 MeV is a complex task as the mathematical func-
tion describing the interaction cross section of such neutrons is not
linear. The effect of iron in the very early geometry is efficient and
its combination in the geometry shows effective neutron shielding
properties for the designed installation. It is drawn from this obser-
vation that the material order disposition for shielding purposes in
a neutron radiography facility should be set in such a way that they
work effectively.
So the overall filter in the case of graphite is effective for neu-
trons with an energy below 2 MeV–5 MeV. Neutrons with the energy
above (as shown in the Cf-252 spectrum) are not slowed down effec-
tively and their contribution in the later part of the geometry leads
to a high dose rate. In this regard, neutrons reaching the boron
layer (or borate material) are not thermalized and the absorption
is less effective than the case where iron is used. The paraffin case
is similar to that of graphite with the difference that it is effective
than graphite (this is due to its hydrogenous composition). This
was expected as its content in the hydrogenous material is consid-
erable. Between 200 cm and 220 cm, the layer of boron inserted
in the shielded enclosures is efficient as the neutron absorption
is almost 106 times effective, especially for neutrons coming from
iron, paraffin, and graphite, respectively. In addition, it is impor-
tant to conclude that the most effective material to shield neutron
in a facility used for neutron industrial radiography with fast spon-
taneous neutron from Cf-252 is the combination of a reasonable
iron layer, followed by a graphite layer for effective moderation, a
boron or borate material layer for neutron absorption, and a lead
layer for gamma shielding22 as the neutron interaction generates
gamma. The three investigated materials (graphite, iron, and paraf-
fin) were selected from the investigation of seven different mate-
rials and many combinations and their results are not presented
here.
The previous results are based on the selection of three materi-
als from seven, as presented in the following graphs [Figs. 6(a)–6(e)].
From 100 cm (the position of the shielding material, as the source is
placed at least 100 cm away from the walls, doors, and all enclosures),
the material effect on neutron transmission is evident, as described
in different graphs. As can be seen in the figures, materials such as
lead, aluminum, and zirconium were not as effective as tungsten,
iron, and paraffin. From 100 cm to 110 cm, three materials were not
really effective (lead, zirconium, and aluminum), as can be observed
in Fig. 6(b). This is the reason why these materials were not con-
sidered in the previous major results presented. The most effective
in this range are paraffin, tungsten (expensive), graphite, and iron,
respectively. From 110 cm and above, all curves were the results
of calculation for the same material composition and geometry
arrangement.
It was thus recommended to use either paraffin, iron, or
graphite for the first inside wall layer in the shielding design
of a facility using Cf-252 for industrial radiography with high
energy neutrons. The shielding enclosure took into account paraf-
fin, graphite, or iron in the results described previously. The case
of tungsten is not presented as it is not economically accept-
able to be used in a shielding facility at a large scale. Tung-
sten is usually used to shield and collimate the beam of radia-
tion confined in small geometries (the source itself, not an entire
facility).
V. CONCLUSIONS
A new shielding design for the spontaneous Cf-252 neutron
source based on material combination was developed based on
Monte Carlo simulation. The PHITS Monte Carlo code was effec-
tive for dose rate computation. The idea was drawn from industrial
radiography using a spontaneous neutron source of Cf-252 with a
maximum activity of 100 Ci. Different material combinations were
displayed and the most appropriate arrangement was found to be
the combination of iron and graphite for neutron moderation in
this order, respectively. This combination should be followed by a
layer of boron or borate material for the absorption of neutrons
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that have been slowed down from the previous layer. The geome-
try ended with a thin layer of lead for gamma shielding as neutron
interaction with a target material always produces secondary par-
ticles mostly made of gamma radiation. Graphite alone combined
with a neutron absorber cannot achieve effective neutron moder-
ation and absorption as that achieved while combining with iron
(for Cf-252 source). Even plastic, paraffin, or other hydrogenous
materials are effective for neutrons with energy lower than 2 MeV–
5 MeV, iron is effective for removing neutrons with energy above
2 MeV–5 MeV, and the graphite layer set after iron plays an effec-
tive role in slowing down neutrons with an energy lower than
2 MeV.
The obtained results based on Monte Carlo simulation showed
a clear description of the appropriate shielding design. As the geom-
etry of calculation was simplified, future work will be shared about
the implementation of the obtained result in neutron industrial
radiography using the Cf-252 spontaneous source. The calcula-
tion will be done using the GEANT4 toolkit23 and implementing
the skyshine and floorshine phenomena and compared to PHITS
code.18,24
SUPPLEMENTARY MATERIAL
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the manuscript and the procedure used to select the main material
investigated and presented in this study.
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